INTRODUCTION
The variation of the solar ultraviolet radiation (UVR) spectrum due to atmospheric and environmental changes makes it difficult to accurately predict beneficial and adverse effects of UVR exposure on human health. Global efforts were undertaken to measure solar UVR following a possible change to UVR levels at the Earth's surface due to climate change (1) . A number of experimental programmes have been organised in several countries to monitor UVR levels due to atmospheric changes (2 -4) . The internationally standardised UV index (5) was defined to characterise the UV irradiance on a horizontal plane without taking into account the complex mix of behavioural factors. The European Commission funded research project 'The Impact of Climatic and Environmental factors on Personal Ultraviolet Radiation Exposure and human health' (ICEPURE) (6) was set up to evaluate individual exposure to solar UVR in different work and leisure environments and to assess its detrimental and beneficial impacts on human health.
To evaluate personal exposure under different environmental and atmospheric conditions, the ICEPURE project aims to develop radiative transfer models that can be used to assess the impact of climate change on human UVR exposures (7) . Descriptions of the atmosphere from locally measured and satellite data are used as input parameters to model personal UVR exposure (8, 9) . To support the modelling, ground stations were placed in fixed locations to measure mean erythema UVR on various inclined planes during the studies. In addition, spectral irradiance measurements were performed using a double-grating scanning spectroradiometer (SSR) on horizontal and tilted planes to validate UVR modelling.
Spectral data also provide important information when assessing personal UVR exposures. Thus, within the ICEPURE framework, data from the study in Wagrain, Austria, in March 2010 are used to evaluate the effect of change in altitude on UVR. Also, as most of the human body surfaces are exposed to UVR on inclined surfaces, variations of the spectral irradiance measured on inclined and horizontal surfaces may be important for more realistic assessments of the radiation received by the human body. The current project presents the results of these measurements and an analysis of the effect of exposure conditions on the variation of UVB, UVA and biologically effective characteristics.
MATERIALS AND METHODS
Solar spectral irradiance was measured by a scanning double-grating Bentham DMc-150f spectroradiometer (Bentham Instruments, Reading, UK). The diffraction gratings have a ruling density of 2400 g mm -1 and, together with the 0.74-mm slits, produce a Full-Width Half Maximum bandwidth of 1.2 nm. The incident solar UVR is conveyed to the SSR from a Poly(tetrafluoroethylene) diffuser with a cosine angular response through an optical fibre.
The SSR was calibrated using a 1-kW quartz tungsten-halogen lamp calibrated for spectral irradiance to the UK National Physical Laboratory traceable reference standard. Spectral data were corrected for the variation of the SSR performance due to the change in ambient temperature using a temperature correction model presented in Baczynska et al. (10) . Measurements were conducted in Wagrain (47.38N, 13.38E), Austria, at the top of the ski slope on Grafenberg (1700 m) and in the Valley below (900 m above the sea level), on 23 and 24 March 2010. The distance between the two sites is 4 km and both locations were snow-covered.
The diffuser was mounted on a levelled tripod at 1.5 m above the ground level. Scans were measured in the wavelength range of 280 -400 nm in 1 nm steps under clear-sky conditions. Global spectral irradiance was measured on horizontal and inclined surfaces in four compass directions (E, W, N and S) at 158 intervals, as illustrated in Figure 1 . Each set of angular measurements, in the E, W, N or S directions, started from measurements on the horizontal surface. Over a single spectral scan, the solar zenith angle (SZA) did not change significantly. However, it took 20 min to complete a set of measurements in each compass direction and the SZA could change up to 38.
The measurements at the two locations were carried out on two consecutive days: 23 and 24 March in the Valley and on Grafenberg, respectively. These 2 d may not have had identical atmospheric conditions and to indicate possible atmospheric changes that could affect UVR over the measurement period, data from the ground stations were analysed. The ground stations incorporate a sensor with spectral response similar to the erythema action spectrum of the International Commission on Illumination (CIE) (11) . The ground stations recorded time-stamped mean erythema UVR levels at set time intervals (12) and were placed at the same location as the spectral measurements. Comparison of the ground station measurements was used to indicate the change of atmospheric conditions at each location over the 2 d.
The spectral irradiance measured on a horizontal surface in the Valley and on Grafenberg was used to calculate the altitude effect, in percent per 1000 m, according to the formula 
where E l is the spectral irradiance and D l is the sampling interval. The erythemally effective E er and Vitamin D irradiance E vitD were calculated according to the formulae
where S er (l) is the erythema action spectrum (11) and S vitD (l) is the vitamin D synthesis action spectrum (13) . To analyse variations of irradiance on inclined surfaces UV i,a measured at different detector angles a with respect to the irradiance on a horizontal plane UV h , the ratios of UVB i,a /UVB h , UV A i,a /UVA h , E eri,a /E er,h and E vitDi,a /E vitDh were calculated.
RESULTS AND DISCUSSION
Data measured at each location on 23 and 24 March 2010 by the ground stations and given as erythermally weighted UVR in arbitrary units are presented in Figure 2 . These data can be used to indicate if atmospheric conditions changed over the 2 d at each location. Only a small change (within 10 %) has been observed on 23 and 24 March 2010 in the Valley and on Grafenberg. This indicates that the atmospheric conditions were stable within 10 % at each location for the duration of the measurements, which allows the direct comparison of the spectral data measured by the SSR on 23 and 24 March.
A change in the SZA can affect the solar spectral irradiance. To minimise this influence in the analysis of the altitude effect and to identify the interval of SZA angles within which variations of the UVR spectral irradiance are insignificant, the variation of the spectral irradiance with SZA around the solar noon was evaluated. Figure 3 presents the change of the spectral irradiance at 300, 305, 315, 350 and 370 nm with the SZA on both sides of the solar noon with respect to spectral irradiance at the local solar noon at an SZA of 45.88.
Data measured within DSZA¼0.58 around the local solar noon showed no changes to both UVB and UVA wavelengths within the measurement uncertainty. The change in the SZA of up to 2.68 causes a change of the spectral irradiance at 350 nm of up to nearly 10 %. Changes to the UVB wavelength range are more pronounced, increase with decreasing wavelength and reach 25 % at 300 nm. Thus, only data measured at the same SZA or within DSZA¼0.58around the local noon were used in the data analysis.
The SZA variation of the spectral irradiance was not investigated in detail for SZAs significantly lower than that at the local noon; only data measured at the same SZA, in the morning and afternoon, were used in the analysis.
The altitude effect on UVR
The variation of UVR spectral irradiance with altitude was calculated according to Equation (1) from data measured at SZA¼478 on a horizontal plane and presented in Figure 4 . Figure 4 shows that the spectral irradiance increases by 61 %/1000 m at 300 nm and the difference decreases with increasing wavelengths to 21 %/1000 m at 315 nm; the altitude effect on spectral irradiance is nearly constant in the UVA part of the spectrum and yields around 10 %/1000 m at 370 nm.
The change in altitude by 1000 m will increase the UVB and UVA irradiances by 27 and 12 %, respectively. Erythemally effective and vitamin D synthesis irradiances closely follow the behaviour of the UVB component of the spectrum and increase by 27 and 33 %/1000 m, respectively.
However, the magnitude of the spectral change depends on the ozone, turbidity, aerosol and atmospheric pressure (14) . Also, different albedos at two locations may affect the magnitude of the observed spectral changes.
Previous studies (15, 16) in a snow-free Alpine region in August showed substantially lower spectral change of solar UVR with altitude: an increase in the spectral irradiance by 9 %/1000 m at 370 nm, increasing gradually to 11 %/1000 m at 320 nm. Across the UVB wavelengths, the observed effect of altitude was higher, reaching 24 %/1000 m at 300 nm. The effect of altitude was SZA-independent, within the measurement uncertainty for SZA¼30-708 (16) . The ozone and other atmospheric condition differences in data presented in Blumthaler et al. (15) may account for some of the 37 % further increase of the altitude effect at 300 nm.
Spectral irradiances measured on horizontal and inclined surfaces
Global spectral irradiance was measured on horizontal and tilted surfaces in four compass directions (E, W, N and S) at 158 intervals. Figure 5 shows the 
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variations of UVB and UVA irradiances measured on Grafenberg around the local solar noon (SZA¼45.88) on inclined surfaces with respect to the irradiance measured on a horizontal plane. Measurements were carried out at detector angles of 15, 30, 45, 60, 75 and 908 to zenith (see Figure 1) . The north-facing data were measured at SZA¼49.48 and cannot be directly compared with the east, west and south orientations measured at the SZA 468.
In the south-facing direction, the UVB and UVA irradiances on the tilted surface are higher than the irradiance at zenith (.1 for all angles). In this case, the inclined surfaces are pointed in the general direction of the sun. At the solar local noon, the inclined surface facing south at 45-608 is substantially normal to the direct sun and receives the maximum radiation from the direct beam.
This will also be the case for higher SZAs facing east in the morning when the sun is at the east. At SZA¼608, the UVB and UVA irradiances measured in the morning at 908 in the east direction at Grafenberg are 21 and 44 % higher than the UVB and UVA irradiances at zenith, respectively. At a tilt angle of 158 facing east at this particular SZA, UVB and UVA irradiances increase by 7 and 15 %, respectively, compared with the irradiance at zenith. Unfortunately, due to the measurement constraints, the SZA changes by up to 38 for the data measured on tilted surfaces and so the data cannot be directly compared with horizontal plane measurements for angles other than 90 and 158.
The UVB and UVA irradiances measured on the inclined planes facing east and west are lower than the irradiance at zenith (,1 in Figure 5 ) and nearly linearly decrease with increasing detector tilt, reaching the lowest values at 908. At this time of the year, around the local noon, with the sun at 458 south, the contribution of the direct solar beam to the irradiance measured on inclined surfaces facing east and west does not change with the angle away from the zenith, whereas the contribution of indirect sun decreases with increasing tilt: radiation from only part of the celestial hemisphere is collected as the lower part of the field of view is filled by the ground.
The proportion of UVB and UVA irradiances in the solar spectrum depends on the SZA (17) . For a fixed SZA, this ratio also depends on the azimuth orientations and detector tilt. The variation of the proportion of UVA and UVB irradiances measured on inclined surfaces with respect to the values at zenith is presented in Figure 6 .
For the SZA close to local solar noon, the ratio (UVB i,a /UVB h )/(UVA i,a /UVA h ) remains substantially constant at detector zenith angles ,458 facing east and west. For detector zenith angles greater than 458, the ratios increase by up to 7 %, depending on the orientation. For the measurements in the south direction, the (UVB i,a /UVB h )/(UVA i,a /UVA h ) ratio decreases with the increase of the detector zenith angle (orientation of the inclined surface).
Erythemally effective and vitamin D synthesis irradiances both closely follow the behaviour of the UVB component of the spectrum. The erythemally weighted irradiance on an inclined surface facing directly towards the Sun at the local noon is 27 % higher than the erythemally effective irradiance at zenith. This means that personal exposure based on the data measured on a horizontal surface could be underestimated by up to 27 % and, in addition, it increases by 27 % per 1000 m. Exposure at the vertical plane in the east and west directions around the local noon may overestimate the erythema and Vitamin D synthesis irradiances by up to 42 and 40 %, respectively, if the assessment is based on horizontal data.
Similar studies carried out at Izana, Tenerife, at 2300 m in July 1995 (18) showed that the irradiance on vertical surfaces facing S, E, W and N are lower than at zenith, around the local noon at SZA¼78. In the morning or late afternoon, irradiances on vertical surfaces facing east and west were higher than at zenith. The significant difference in the sun elevation did not allow direct comparison with the results of the present study.
CONCLUSIONS
The solar UV irradiance measured in Wagrain at 900 and 1700 m above the sea level demonstrates the effect of the altitude on UVR. The increase in the spectral irradiance is 61 %/1000 m at 300 nm, falling to 21 %/1000 m at 315 nm. The altitude effect is nearly constant in the UVA part of the spectrum and yields 10 %/1000 m at 370 nm. In this study, the change in altitude by 1000 m will increase the UVB and UVA irradiances by 27 and 12 % respectively. The erythema effective irradiance follows the behaviour of the UVB component of the spectrum and increases by 27 %/1000 m, whereas vitamin D synthesis increases by 33 %/1000 m.
The presented results demonstrate that the solar UV spectral irradiance varies with the azimuth and angular orientation of a detector. The UVR irradiances measured around the local noon on inclined surfaces facing east and west are lower than irradiances measured on horizontal surfaces, and nearly linearly decrease with increasing angles, reaching the lowest values at 908 of tilt. When inclined surfaces are pointed in the general direction of the sun, the irradiance measured on inclined surfaces are higher than at zenith, with the maximum at the SZA and at the azimuth direction of the sun. Assessment of personal UV exposures based on the UV index measured on horizontal plane may be highly inaccurate.
For the same SZA, the proportion of UVA and UVB irradiances, measured on inclined and horizontal surfaces, depends on the azimuth orientations and the detector angle. For SZA 468, the ratio of (UVB i /UVB h )/(UVA i /UVA h ) remains substantially constant at angles lower than 458 facing east and west. For angles higher than 458, this ratio increases by up to 7 %, depending on the azimuth orientation.
The erythemally weighted irradiance on an inclined surface facing directly towards the sun is 27 % higher than the erythemally effective irradiance at zenith. Exposure on a vertical plane in the east and west directions around the local noon may overestimate the erythema and Vitamin D synthesis by up to 42 %, if the assessment is based on zenith data. 
